The skin is a barrier for most substances entering or leaving the body, and yet selective permeability for certain molecules, including water molecules, is an essential function of skin (Scheuplein and Blank, 1971; Downing, 1992; Williams and Barry, 1992) . The origin of the selective permeability of the skin, and its quantitative prediction in terms of the relevant physical and chemical properties of skin and of penetrating molecules, have been the focal point for the study of skin permeability (Scheuplein and Blank, 1971; Downing, 1992) . The outermost layer of mammalian skin is the stratum corneum. The stratum comeum is composed of -15 layers of dead cells (corneocytes) in a lipid matrix and consists of 5-15% lipids (dry weight), 75-80% proteins, and 5-10% unknown materials (Williams and Barry, 1992) . Despite their overall small percentage in the stratum corneum, lipids play an important role in the selective permeability of the skin.
INTRODUCTION
The skin is a barrier for most substances entering or leaving the body, and yet selective permeability for certain molecules, including water molecules, is an essential function of skin (Scheuplein and Blank, 1971; Downing, 1992; Williams and Barry, 1992) . The origin of the selective permeability of the skin, and its quantitative prediction in terms of the relevant physical and chemical properties of skin and of penetrating molecules, have been the focal point for the study of skin permeability (Scheuplein and Blank, 1971; Downing, 1992) . The outermost layer of mammalian skin is the stratum corneum. The stratum comeum is composed of -15 layers of dead cells (corneocytes) in a lipid matrix and consists of 5-15% lipids (dry weight), 75-80% proteins, and 5-10% unknown materials (Williams and Barry, 1992) . Despite their overall small percentage in the stratum corneum, lipids play an important role in the selective permeability of the skin. topical drug delivery (Hadgraft et al., 1992) . The lipid composition of the stratum corneum is unusual relative to many well known biological membranes, consisting primarily of cholesterol, ceramides, free fatty acids, and cholesterol sulfate, with little phospholipids (Gray et al., 1982; Wertz et al., 1987) . Although these lipids form lamellar sheets in intact stratum corneum (Elias and Friend, 1975; Madison et al., 1987) , the stratum corneum membrane is believed to differ from the vast majority of mammalian cell membranes (Kitson et al., 1994) . A better understanding of the molecular properties of stratum corneum lipids is critical to studies on the physiology and pathophysiology of the stratum corneum.
Many model systems have been prepared either for studies of the stratum corneum lipid properties or for studies of lipidmolecule interactions. These model systems include different dispersions of lipids in water or buffer solutions (Friberg and Osborne, 1985; White et al., 1988; Kittayanond et al., 1992; Kim et al., 1993b; Mattai et al., 1993; Kitson et al., 1994) , sonicated lipid suspensions, including the preparation of small unilamellar vesicles (SUVs) (Gray and White, 1979; Wertz et al., 1986; Kittayonand et al., 1992; Blume et al., 1993; Kim et al., 1993a; Kitagawa et al., 1993) , and large unilamellar vesicles (LUVs) prepared by extrusion methods (Abraham, 1992; Downing et al., 1993) . We chose LUVs as the model system because LUVs were comparatively more stable than the often used but highly strained, meta-stable SUVs (Szoka, 1987) . In addition, the LUV system can be characterized more quantitatively in terms of lipid concentration, surface area, and volume than multilamellar vesicle (MLV) systems, which are also quite stable. Thus the LUV system, with known internal volume, lipid concentration, and surface curvature, could be used, for example, in detailed molecular studies of lipid-molecule interaction or in quantitative determination of permeability and transport by stratum corneum lipids.
A variety of lipid compositions have been used in model systems. Although some investigators use phospholipids as a model of the bilayer structure of the stratum corneum (Kitson et al., 1992) , most use different mixtures of ceramide, cholesterol, free fatty acid, and cholesterol sulfate. Different ceramides, including epidermal ceramide (Gray and White, 1979; White et al., 1988; Abraham, 1992; Downing et al., 1993 ; Kim et al., 1993a) or bovine brain ceramide type III (Kittayanond et al., 1992; Blume et al., 1993; Kitson et al., 1994) , type IV (Kitagawa et al., 1993) , or a mixture of bovine brain type III and IV (Mattai et al., 1993) , have been used. Various fatty acids, ranging from carnauba fatty acids (used to simulate C20-C30 fatty acids, but not commercially available) (Abraham, 1992; Downing et al., 1993) , to mixtures of fatty acids (Friberg and Osborne, 1985; Kim et al., 1993a; Mattai et al., 1993) , to just palmitic acid (Wertz et al., 1986; Kittayanond et al., 1992; Blume et al., 1993; Kim et al., 1993b; Kitagawa et al., 1993; Kitson et al., 1994) have also been used. Thus most of the model systems are qualitatively similar but quantitatively very different. No systematic comparison of these model systems is available. In this study, we used a lipid composition that was closer to that of the native system than that used in many of the above mentioned studies. We also used lipids that were conveniently (commercially) available.
We (Golden et al., 1987; Hou et al., 1991 
MLVs
The weight percentages of lipids found in the stratum corneum, 55% ceramides, 25% cholesterol, 15% free fatty acids, and 5% cholesterol sulfate Abraham, 1992) , were used to prepare MLVs. In this study, we used ceramides types III and IV (3:2 weight ratio) to represent ceramides and palmitic, lignoceric, and octacosanoic acids (1:2:1 weight ratio) to represent free fatty acids. The lipids were solubilized in a chloroform and methanol mixture (2:1 volume ratio). The solvent was then removed with nitrogen gas followed by pumping under vacuum overnight to deposit a lipid thin film on a round bottom flask. Fisher borate buffer (3 ml for 15 mg total lipid) and a few glass beads were added to the lipid film, followed by hand swirling, vortexing, and heating to 70°C in a water bath to give MLVs at pH 9.
LUVs
LUVs in Fisher borate buffer were prepared from fresh MLVs by extrusion methods at 70°C with a lipid extruder(Lipex, Vancouver, BC, Canada). The lipid concentrations in MLVs were usually -5 mg/ml, but higher concentrations, up to 20 mg/ml, were also used. The MLVs were subjected to five freeze-thaw cycles before extrusion (Mayer et al., 1985) . Polycarbonate filters (Costar Nucleopore, Cambridge, MA) with 5-, 1-, 0.4-, and 0.1-,um pore sizes were used in the extruder in the order listed (Abraham, 1992 ) to give stable LUVs at pH 9. Buffers at different pH values were prepared with osmolality values matching the value of Fisher borate buffer (150 ± 10 mmollkg), measured with a vapor pressure 5500 osmometer (Westcor, Logan, UT). A borate solution (7.5 mM sodium tetraborate, 60 mM KCI, 0.2 mM EDTA) was prepared and titrated with concentrated HCl to either pH 7.4 or 6.0. Sodium phosphate (72 mM) buffer at pH 7.4 was also prepared.
To better compare the properties of LUVs at different pH values, LUVs at 10 mg/ml were prepared and diluted to -1 mg/ml with Fisher borate buffer at pH 9. Different portions (generally 2 ml) of the batch were dialyzed with different buffers (borate at pH 7.4 or 6 or phosphate buffer at pH 7.4) at 500-fold excess volume. The pH of the LUV solution inside the dialysis tubing (14K MWCO from Spectrum Medical Industries, Houston, TX) was checked, and it was found that -3 h were needed for pH equilibration with borate solution and -1 h with phosphate buffer. The pH values of all LUV samples (-1 mg/ml) were measured periodically after dialysis for 24 h. We also measured the pH of LUV samples after the samples were subjected to freeze-thaw cycles immediately after dialysis.
Lipid composition determination
The lipids in the vesicle suspensions were extracted by chloroform, methanol, and water (1:1:1 volume ratio). Potassium chloride (0.1 M) was added to insure that all cholesterol sulfate was recovered in the chloroform phase (Williams and Elias, 1981) . Additional potassium chloride was added, if necessary, to help separate the phases. The lipid compositions in the chloroform extracts of MLVs and LUVs were determined by high performance thin layer chromatography (HPTLC) on silica gel 60 plates (E. M. Separations, Gibbstown, NJ). The plates (10 X 20 cm) were developed, charred (Melnik et al., 1989) , and scanned with a TLC scanner II (CAMAG, Muttenz, Switzerland) interfaced to a CR3A Cromatopac integrator (Shimatzu Corp., Kyoto, Japan). The peak area of each spot in a MLV sample was correlated with the known mass of the corresponding lipid in MLVs. This mass over peak area ratio was then used to convert the peak area of the corresponding LUV lipid spot to lipid mass. This conversion process was necessary because the lipids used did not char to the same extent to give the same linear relationship between spot intensities and masses for all lipids. The total mass of all the lipids in the LU sample was obtained from the sum of individual lipid masses. The value of this sum divided by the total MLV lipid mass represented the recovery of lipid after extrusion. The LUV lipid composition was then determined from the values of individual and total masses in the LUV sample.
Vesicle size
Freeze-fracture and cryo-EM were performed by Northern Lipids Inc. (Vancouver, BC, Canada) , as a service, on LUVs (20 mg/ml) in Fisher borate buffer at pH 9.
Photon correlation spectroscopy of QELS measurements with a particle size analyzer (BI 90; Brookhaven Instruments, New Haven, CT) was used to determine the hydrodynamic effective diameters of the LUVs in different buffer systems. Immediately after dialysis, LUV samples (5-10 mg/ml) were diluted 2-to 10-fold as necessary to bring the photon count rate within the recommended range (250-500 kcps) for vesicles with effective diameters of 100-300 nm. At least two different lipid concentrations were used for each sample to show that the diffusion coefficient of the sample did not change on dilution. Typically 7500 cycles (6.25 min) were used. The dust cutoff for the instrument was kept constant for all samples. If the dust factor in a sample was >0.02, the measurements were rejected. For QELS measurements carried out continuously over 24 h, the LUVs in the cuvette were kept at 250C in the instrument throughout the entire measurement period. The sampling time was 25 min (30,000 cycles). Cumulant analysis was applied to scattering data to give effective diameters and polydispersity. If the polydispersity of a LUV sample was >0.11, the QELS measurements of this sample were not used, and the sample was also not used for preparing LUVs at different pH values. To further determine whether the diameter distribution was a broad unimodal or a skewed, multimodal distribution, inverse Laplace transform analysis, with an exponential sampling technique, was also used. This analysis, however, gave a less rigorous analysis of the particle size. Thus we used the effective diameter from cumulant analysis as the size of the samples.
DSC
Lipid thin fims, similar to those used for MLVs, were scraped from the walls of a round bottom flask and sealed in an aluminum sample pan. The sample (3-4 mg) was then equilibrated to 5°C in a differential scanning calorimeter (DSC 2910; Thermal Analysis Instruments, New Castle, DE). The sample was initially heated from 5 to 90°C at a rate of 2°C/min and then cooled back to 50C at the same rate. Heat flow (thermogram) was then recorded during the second heating process. Thermograms were also obtained during the third cooling and heating processes to determine whether the observed thermal transitions were reversible. Most samples were used immediately after they were transferred to sealed sample pans. Some samples remained in the sealed pans for a longer period of time but less than 24 h. No differences in the second heating thermograms were observed in samples used.
Spin-labeled LUVs
Two fatty acid spin probes, 5-and 12-doxylstearic acid (5-and 12-DSA) were purchased from Molecular Probes (Eugene, OR) or Syva (Palo Alto, CA) and used without further purification. 5-DSAor 12-DSAin ethanol was dried to a thin film with a gentle stream of nitrogen gas. A sample of LUVs atpH 9was then added to the spin label thin film at a lipid-to-spin label molar ratio of -150 to avoid spin-spin exchange (Fung and Johnson, 1984) . The spin label concentrations in samples were generally -7x 10-5 to 8 X 10-5 M. The spin label was also directly incorporated into the lipid thin film by adding the spin label in ethanol to the lipids in chloroform-methanol before nitrogen gas evaporation. No significant spectral differences were found by the two different labeling methods. Samples of spin labels in borate buffer (-2 X 10' M) were used as controls and were prepared in tandem with the spin-labeled LUV samples.
EPR measurements
EPR measurements were performed by using a Varian E-109 EPR spectrometer equipped with an IBM variable temperature control unit (Fung and Zhang, 1990) . One gauss modulation, 60-s scan time, and 5-mW microwave power were used to obtain EPR spectra. The EPR cavity with a standard quartz EPR tube filled with silicone fluid to provide thermal stability was prewarmed to a desired temperature, which was monitored by a copperconstantan thermocouple (Fung and Zhang, 1990 (Fig. 1A) . We were able to use the spectra of spin labels in buffer at matching temperatures ( Fig. 1B) to remove the weakly immobilized component in the spectra of labeled LUVs at all temperatures studied to give the spectra of the slow component ( Fig. IC) . A second subtraction provided the spectra of the fast c FIGURE 1 Typical EPR spectra at 77°C of(A) 5-DSA in LUVs in Fisher borate buffer at pH 9 with a lipid-to-spin label molar ratio of 150 and a spin label concentration of -4 X 10-5 M and (B) 5-DSA dispersed in the same buffer. The weakly immobilized component in A was removed by spectral subtraction of A -B to give the spectrum of spin label fraction that was intercalated in the lipid phase of LUVs (C).
component. This spectral subtraction procedure allowed us to use the composite spectra of LUVs to provide pairs of two single-component deconvoluted spectra for more vigorous analysis of spectral parameters, such as the intensity/concentration of each component in the LUV samples.
Spin label intensity
Spectra of a spin label in buffer at different temperatures were obtained, and results of double integration of the spectra were used to provide calibration curves for spin label intensity at different temperatures. Such procedures were required to account for differences in signal intensity due to dielectricinduced changes in cavity sensitivity at different temperatures (Fung and Johnson, 1983) . For 5-DSA intensity measurements, the peak height of the central line of the weakly immobilized component was also used to estimate concentration as some samples exhibited low signal-to-noise ratio of the weakly immobilized component signal yielding unreliable double integration results.
Hyperfine splitting
The hyperfine splittings (2A,,,,) of the strongly immobilized component in LUV spectra were measured as the distance between the outermost EPR lines (Griffith and Jost, 1976) .
Rotational correlation time
The rotational correlation times for the weakly immobilized signal in LUVs and for the strongly immobilized signal for 12-DSA in LUVs at 90°C were estimated from line width and line height measurements by using the linear terms of the motional narrowing theory (Fung and Johnson, 1984) . Approximate axial correlation times (TR) for the remaining strongly immobilized signals were obtained from the following expression, which includes the temperature dependence of the hyperfine separation measurements (Johnson, 1979) :
For simplicity, we used this equation to estimate the rotational correlation times. Due to anisotropic averaging, more quantitative calculations of the rotational correlation times should be obtained with the spectral simulation methods provided by Freed (1976) .
Partition ratio
The partitioning of fatty acid spin labels in aqueous and lipid phases in LUV samples was followed as a function of temperature. The fraction of spin labels in the aqueous phase of LUV samples (faqueous) at a particular temperature was obtained from the spin label intensities of deconvoluted spectra of the weakly immobilized signal, and the fraction of spin labels in the lipid phase (flijpd) was obtained from the corresponding spectra of the strongly immobilized signal. The ratios of these two fractions (fipid/f.qu,) at a particular temperature were calculated. This ratio is directly related to the partition coefficient, partial specific volume of lipid, and lipid concentration (Miyazaki et al., 1992) .
RESULTS
Lipid composition, vesicle size, and stability of LUVs at pH 9
The lipid composition found in the stratum corneum The micrographs of LUVs at pH 9 using either freezefracture EM (Fig. 3A) or cryo-EM (Fig. 3B ) demonstrated, 8 NA, not analyzed, due to large amounts of precipitation (large dust factors) in the sample (see Fig. 4 ).
factors were obtained for QELS measurements and the data were not analyzed. HPTLC analysis of the precipitated lipid showed the presence of all lipids, suggesting that the LUVs had fallen apart at pH 6.0 after storage at room temperature for 48 h. We have also followed a LUV sample at pH 6.0 immediately after preparation with QELS for 18 h continuously. As shown in Fig. 4 , the effective diameters increased gradually over 15 h, from 112 to -119 nm. The corresponding polydispersity values also increased from 0.145 to 0.196. The dust factors in the sample remained -0.01, indicating that the sample was still relatively dustfree. After 15 h, the dust factor increased suddenly to -0.07 at 16 h and 0.12 at 17 h. The effective diameters and polydispersity values both dropped, signifying an onset of drastic changes in the LUV sample, which led to the eventual precipitation of LUVs, as shown in samples after storage for 48 h (Table 2, bottom panel). As shown in Fig. 4 , QELS properties of the control sample (LUVs at pH 9) remained essentially the same throughout the time period studied.
Because borate buffer has little buffering capacity at pH 7.4 and 6.0, we also dialyzed the pH 9 LUV samples with phosphate buffer at pH 7.4. The effective diameters of LUVs in phosphate buffer were 15 nm larger than those in borate solution at pH 7.4 ( (Golden et al., 1986; 1987) . DSC studies of lipid extracts show a broad lipid transition at 60°C for porcine stratum corneum (Golden et al., 1987) and at 65°C for human stratum corneum (Golden et al., 1986 (Brown et al., 1981) . Thus these spectra provided evidence that the fatty acid derivative
Temperature (C) 202 X 10-9 s. As the temperature of the samples increased, 2Am.x decreased, as expected, for both fatty acid spin labels. aqueous phases provided quantitative information on the partitioning in stratum corneum LUVs. When 5-DSA and 12-DSA were introduced to LUVs at pH 9 and 250C at a lipidto-spin label ratio of 150, only -1.0 ± 0.1% (n = 3) of 5-DSA but -26.0 ± 5.8% (n = 2) of 12-DSA were in the 90g C aqueous phase. At 900C, -4.5 + 1.2% of 5-DSA and -26.3 ± 7.2% of 12-DSA were in the aqueous phase. The partition ratio (fiipid/faqueous) was then 96.1 ± 3.8 for 5-DSA and only 2.9 ± 0.9 for 12-DSA at 25°C. At 900C, the ratio decreased to 22.6 + 5.7 for 5-DSA, whereas the ratio appeared to remain constant for 12-DSA (3.0 ± 1.1).
A careful study of the ratios as a function of temperature revealed interesting results. As shown in Fig. 8A , the average partition ratio (flipid/faqueous) for 5-DSA decreased sharply, FIGURE 6 Selected EPR spectra of 5-DSA and 12-DSA in LUVs in Fisher borate buffer at pH 9. A lipid-to-spin label molar ratio of 150 with a spin label concentration of 7.5 X 10-5 M was used. Different spin label partitions in the LUV bilayer and aqueous phases to give different intensities of broad (lipid-like) and sharp (aqueous-like) signals are seen in these spectra at 25 and 90'C. spin labels partitioned into the aqueous phase as well as into the lipid phase in LUVs.
The strongly immobilized EPR signals were those of 5-DSA and 12-DSA intercalated into the lipid bilayer producing relatively slow motion. A typical spectrum, from spectral subtraction, of the strongly immobilized (lipid) component of 5-DSA in LUVs at 77°C is shown in Fig. 1C .
The 2Am., of the lipid component is proportional to label mobility (Griffith et al., 1974) . 2Amax has been used as an empirical measure of mobility of lipid molecules (Marsh, 1982 The partition ratio versus temperature plot for 12-DSA (Fig. 8B ) was quite different from that for 5-DSA in the same LUV system at pH 9. The partition ratios decreased slightly as the temperature was increased from 25 to 400C and reached a minimum value of -2 at 40-450C. Further increase in temperature resulted in slight increase in the partition ratio to -3 at 700C. The ratio remained constant as the temperature was further increased to 90°C. The results presented in Fig. 8B were average values of two runs. The ratios of one run were consistently higher (3.5 at 25°C, for example) than those in the other run (2.3 at 250C) by about a constant amount throughout the temperature range studied, with the minimum -40-450C (2.2 for the run with higher values and 0.9 for the run with lower values). Thus the temperature-induced changes in the partition coefficients for 12-DSA in LUVs were very reproducible from run to run, despite the magnitudes of the changes being quite small (maximal changes were -1.5).
DISCUSSION
We have described detailed procedures for using lipids that are commercially available to prepare stratum corneum LUVs at pH 9 by extrusion methods. A model system consisting of conveniently available lipid components will presumably generate more studies of the system, leading to a better understanding of stratum corneum lipids on a molecular level. The experimentally determined lipid composition in LUVs was -33% (by weight) ceramide III, 25% cholesterol, 21% ceramide IV, 16% total free fatty acids, and 5% cholesterol sulfate, a lipid composition very similar to that of the mammalian stratum corneum. Our LUV system, which is one of a few model systems that use commercially available lipids to include both ceramide types III and IV, simulates the presence of both a-hydroxy-and non-ahydroxy-containing ceramides in the stratum corneum. We also used a combination of commercially available C16 palmitic, C20 lignoceric, and C28 octacosanoic acids to give a mixture of fatty acids with C16 to C28 chain lengths, to closely simulate the free fatty acid composition in the stratum corneum . Thus we believe that the combination of the lipids that we used represent a lipid composition very similar to that in stratum corneum. Our data showed that our LUVs had a relatively uniform size distribution of -100-120 nm at pH 9 in borate buffer with an osmolality of -150 mmol/kg. They were stable at room temperature for at least 1-6 weeks. Our DSC data were in good agreement with published results on lipids extracted from the stratum corneum, indicating that the lipids in our LUV system were thermodynamically very similar to lipids in intact stratum corneum. Thus the advantages of our model system are that (1), lipids are easily available; (2), lipids resemble those in the stratum corneum, both in composition and in thermodynamic properties; and (3), it is a stable system with well characterized properties and thus is well suited for studies of stratum corneum lipid properties under different experimental conditions. Many phospholipid liposomes have been used as artificial drug carriers (Lasic, 1992) . The requirements for clinical application include (1), a very narrow size distribution and (2), long-term stability (Winterhalter and Lasic, 1993) . Our LUV system satisfies both of these requirements and thus may be suited for further development as carriers for drug or cosmetic delivery.
Because the surface pH of the skin is -5.5 (Behrendt and Green, 1971; Braun-Falco and Korting, 1986) , model systems that can be used at different pH values will be useful. Many of the MLV, SUV, or lipid dispersion model systems were prepared at neutral or acidic pH (Friberg and Osborne, 1985; Wertz et al., 1986; Kittayanond et al., 1992; Blume et al., 1993; Kim et al., 1993b; Kitagawa et al., 1993; Mattai et al., 1993) . However, these systems cannot be characterized as well as LUV systems for quantitative studies. LUVs with cholesterol sulfate and fatty acids in compositions similar to those found in stratum corneum were all prepared at pH 8.5 or above (Abraham, 1992; Downing et al., 1993) and are reportedly stable for several weeks. Cholesterol sulfate and/or free fatty acids are needed for lipid systems containing ceramides and cholesterol to form vesicles (Wertz et al., 1986; Kittayanond et al., 1992) . The effective pK. of cholesterol sulfate in membranes is <4 (Bleau et al., 1974; Kitson et al., 1992) . The apparent pKa of fatty acid in membranes is -7.2-7.4 (Ptak et al., 1980) . Thus cholesterol sulfate and free fatty acids are completely ionized at pH 9. It appears that these charged forms of cholesterol sulfate and fatty acids are required to form stable vesicles with the lipid composition that we used. In these nonphospholipid, stratum corneum lipid vesicle systems, the precise lipid composition and the pH of the aqueous environment appear to be critical to the type of vesicle formed and its stability. In fact, recent 2H nuclear magnetic resonance studies report that lipid compositions and pH affect the phase behavior of dispersions containing ceramide and palmitic acid and, in combination with cholesterol, phase coexistence is common over the temperature range 20-750C (Kitson et al., 1994) .
As the external pH of the LUVs at pH 9 was lowered to 7.4 and to 6.0 through dialysis, we observed small, gradual increases in effective diameter and polydispersity, leading to unstable vesicles. As the osmolality of the buffers at different pH values was the same, the observed changes were attributed to pH changes in the samples. It has been noted that borate does not readily permeate vesicle bilayers (Hope and Cullis, 1987) . A pH gradient across the bilayer is maintained resulting in lipid asymmetry in vesicles containing phosphatidylcholine and fatty acids prepared at pH 10 and then dialyzed to pH 7 (Wilschut et al., 1992) . It is also possible that, in our nonphospholipid LUV system prepared at pH 9 and dialyzed to pH 7.4 or 6.0, a pH gradient was also established between the internal and external aqueous phases with some of the fatty acids moving preferentially toward the inner leaflet of the lipid bilayer where they can maintain their negative charge. Consequently, cholesterol sulfate, at a relatively small percentage, was present in the vesicles as the only other negatively charged group in the outer leaflet of the bilayer, rendering relatively unstable vesicles. At pH 6, the LUVs became even less stable because the pH was now approaching values below the pK. of fatty acids in a membrane. In egg yolk phospholipid vesicles, 5-DSA EPR data indicated the coexistence of both ionized and nonionized forms of 5-DSA at pH 6.2 (Egret-Charlier et al., 1978) . Interestingly, the effective diameter of our LUVs at pH 6 increased by only -20% before precipitation was observed after 15 h. As the LUV systems at pH <9 remained stable for a short period of time, it may be possible to prepare and store LUVs at pH 9 and later to dialyze the samples to low pH values for molecular studies at pH <9. When this is done, QELS data should accompany the molecular studies to insure the integrity of the LUVs for quantitative interpretation of the data. For example, our QELS data showed that the LUVs at pH 6 were broadly distributed around 128 nm and remained stable for more than 15 but less than 24 h.
Fatty acid spin labels were used to monitor local dynamic properties of the lipid molecules in the bilayer. 5-DSA reports on motion near the polar headgroup region whereas 12-DSA describes motion in the center of the alkyl chain (Jost et al., 1971; Smith, 1972; Zhang and Fung, 1994) . In phospholipid systems, it is generally accepted that the spin bilayer leaflets, although the precise distribution is not clear. The nitroxide groups on the stearic acids are located near the lipid molecule head groups, and are closer to the membrane exterior than the analogous position of the phospholipid acyl chains (Ellena et al., 1988 ). Our results demonstrate that molecular motion near the polar headgroup was more restricted than the motion in the alkyl chain region in the center of the bilayer throughout the temperature range studied (25-90°C). Relatively smaller temperature-induced increases in motion were observed near the polar headgroup region than in the center of the alkyl chain. It is interesting to note that 12-DSA reported rapid changes in motion at -60°C, a temperature cited as the "melting" of the alkyl chain by infrared and DSC data (Golden et al., 1987) . Above 72°C, little motional change was observed in the alkyl chains upon increase in temperature. The motional properties of lipids in the bilayer depend on molecular packing and molecular interaction among lipid molecules. When an understanding of the distribution of different lipid molecules in the lipid leaflets is available, the local motional properties observed by either 5-DSA or 12-DSA can then be interpreted in more detail.
Our results showed that the partitioning of fatty acid derivative molecules (spin labels) between lipid and aqueous phases was temperature dependent and generally correlated with the phase transition observed by DSC and the alkyl chain mobility observed by EPR. However, large differences were observed between 5-DSA and 12-DSA molecules. At 25°C, when 5-DSA was introduced to the LUV system at pH 9 at a lipid-to-label ratio of 150, almost all of the 5-DSA was in the lipid phase and only -1% of 5-DSA was in the aqueous phase, with a partition ratio (lipid/aqueous) of 96. However, -74% of 12-DSA was in the lipid phase and 26% in the aqueous phase, with a partition ratio of -3. Partitioning of 5-DSA into the aqueous phase increased upon temperature increase to -5% to give a partition ratio of 23 at 90°C. In contrast, for 12-DSA, relatively small changes in the partitioning of 12-DSA were observed between 25 and 90°C. Among the small temperature-induced changes for 12-DSA, a minimum partition coefficient at -40°C was observed. At this time, no molecular mechanism is obvious for explaining these phenomena. However, the differences observed between the partitioning of 5-DSA and 12-DSA in LUVs at pH 9 can be speculated. 5-DSA and 12-DSA are both derived from stearic acid, with the plane of the doxyl ring perpendicular to the long axis of the molecule (Broldo et al., 1982) . Thus the only structural difference between these two molecules is the position of the doxyl spin label moiety, at C5 for 5-DSA and C12 for 12-DSA. This small structural difference produces different polarities for the two molecules. As van der Waals interactions are important in lipid alkyl chain packing, the location of the doxyl spin label on the alkyl chain is expected to affect the overall polarity and hydrophobicity of the molecules and thus affect the partitioning of the molecules in the bilayer. The difference in partitioning of 12-DSA and 5-DSA has also been noted for phospholipid vesicles (Sentjurc et al., 1990) . It is also interesting to note labels are randomly distributed between the two membrane that the melting point was 51-53'C for 5-DSA and 10-12'C for 12-DSA (technical information from Aldridge Chem. Co., Milwaukee, WI). Our results suggested that in designing drug molecules with somewhat polar functional groups (for example, similar to that of the nitroxide moiety) to be in the stratum corneum lipid phase, it is desirable to attach the functional group to a fatty acid molecule close to the headgroup position to provide -99% partitioning into the lipid phase.
In summary, we have used commercially available lipids to successfully prepare relatively stable and well characterized LUVs with lipid compositions and thermodynamic properties very similar to those in stratum corneum. We also demonstrated the time-dependent pH effects on the size and dispersity of the LUVs. Spin label EPR results indicated more restricted motion near the polar region than near the alkyl chain region. We also showed that the partitioning of 5-DSA and 12-DSA between LUV lipid and aqueous phases under similar conditions were quite different from each other. We believe that these results provide foundations for additional studies of stratum comeum LUVs with other molecules and/or of LUVs with different lipid composition leading to better understanding of the physical and functional properties of stratum corneum lipids.
